Sirt-1 is defined as a nuclear protein involved in the molecular mechanisms of inflammation and neurodegeneration through the de-acetylation of many different substrates even if experimental data in mouse suggest both its cytoplasmatic presence and nucleocytoplasmic shuttling upon oxidative stress. Since the experimental structure of human Sirt-1 has not yet been reported, we have modeled its 3D structure, highlighted that it is composed by four different structural regions: N-terminal region, allosteric site, catalytic core and C-terminal region, and underlined that the two terminal regions have high intrinsic disorder propensity and numerous putative phosphorylation sites. Many different papers report experimental studies related to its functional activators because Sirt-1 is implicated in various diseases and cancers. The aim of this article is (i) to present interactomic studies based human Sirt-1 to understand its most important functional relationships in the light of the gene-protein interactions that control major metabolic pathways and (ii) to show by docking studies how this protein binds some activator molecules in order to evidence structural determinants, physico-chemical features and those residues involved in the formation of complexes.
INTRODUCTION
In complex biological systems the protein-gene interactions operate under protein-protein or gene-gene interaction maps where they have specific functional roles (Barabási and Oltvai, 2004) . In this context well-connected hubs are of high functional importance (Jeong et al., 2001; He and Zhang, 2006) . Consequently, studies based on protein-protein interaction (PPI) networks can be inferred from centrality statistics of proteins associated with disease and biological processes associated with genes and proteins. Genes associated with a particular phenotype or function are not randomly positioned in the PPI network, but tend to exhibit high connectivity; they may cluster together and can occur in central network locations (Goh et al., 2006; Oti and Brunner, 2006) . Seven different homologous proteins compose Sirtuin family, and in particular Sirt-1 exhibits a high degree of structural disorder as demonstrated in a recent work of our group (Autiero et al., 2009) . In general it has been already that the protein disorder plays a crucial role in PPIs and in regulatory processes for understanding the phenomenon of interactome (Tompa and Fuxreiter, 2008) . Therefore, it is important to focus the attention on Sirtuins because they are involved in numerous processes and implicated in different diseases. Importantly the second-degree interaction maps related to these family present 5786 neighbors with average number of neighbors equal to 84.22. However some sirtuins have not yet been well studied and not much information are known in regard to their interaction with other proteins (data not shown) in second order interactome. In particular, Sirt-1 is defined as a nuclear protein even if experimental data suggest also its cytoplasmatic presence and indicate that it is involved into nucleo-cytoplasmic shuttling upon oxidative stress (Autiero et al., 2009) . Sirt-1 is a NAD+ dependent histone deacetylates that play important functional roles in many biological processes causing various modifications of histone/protein acetylation status by several class I and II histone deacetylase (HDAC) inhibitors (Kyrylenko et al., 2003) . In literature it is reported that Sirt-1 regulates gene silencing, cell cycle, DNA-damage repair and life span. In specific diseased conditions, Sirt-1 regulates or interacts with many proteins: TP53, NEDD8, SMAD4, DYNC1H1, TUBULIN, NUDC, DYNACTIN, HDAC4, POLR2H, and BRCA1. For example, Sirt-1 www.frontiersin.org interacts with TP53 which is a very short lived protein involved in the acetylation processes and gene activation as consequent target (Appella and Anderson, 2001) . In fact, the inactivation of HIC1 leads to an up-regulation of Sirt-1 which deacetylates and deactivates TP53. This allows the cells to bypass apoptosis and survive DNA damage (Chen et al., 2005) . It is also known that Sirt-1 is involved in inflammatory processes and in neurodegenerative diseases like Huntington (Pallkes et al., 2008) . Moreover, in literature it is reported that Sirt-1 interacts also with HDAC2, HDAC4, MEF2, SUMO, and UBIQUITIN and that HDAC4 might function to integrate sumoylation and deacetylation signals via its interaction with UBC9 and Sirt-1 and that acetylation and sumoylation occur on the same lysine residue (Zhao et al., 2005) . This evidences the reason for which the analysis of the Sirt-1 interactome is of great interest in order to find the relationships between nodes (i.e., genes, proteins) and their positions as well as the overall relationships in the entire system along with structural inferences of activators associated with it.
Since the 3D structure of Sirt-1 has not yet been obtained experimentally, we have recently modeled this protein by computational methods and highlighted that it is composed by four different regions: N-terminal region, allosteric site, catalytic core and C-terminal region and underlined that the two extended terminal regions of about 250 residues each are highly disordered (Autiero et al., 2009) . Sirt-1 is implicated in numerous diseases and cancers and many different papers report experimental studies related to the effects of its activation. In fact, Sirt-1 activation by natural activators seems to show a wide spectrum of beneficial effects in cardiovascular, metabolic, and neurodegenerative diseases and, hence, interest is increasing in testing more potent Sirt-1 activators for the treatment of these aging associated diseases. The natural activator resveratrol has been largely studied because of its low toxicity in humans and its anti-aging properties (Orallo, 2006; Harikumar and Agarwal, 2008) . In particular, it is an important constituent of red wine (Zhuang et al., 2003) that increases the cell survival in several animals by stimulating the Sirt-1 dependent deacetylation of TP53 (Howitz et al., 2003) . Since natural compounds failed to induce an increased activity of Sirt-1 (Yang et al., 2007) , new activators (SRT1460, SRT1720, SRT2183) with a good affinity for Sirt-1 have been synthesized. Recently, a pharmaceutical biotechnology company, starting from these activators, discovered novel selective Sirt-1 activators using a high-throughput screening methodology Vu et al., 2009; Yamazaki et al., 2009) . In this article we will report studies on the Sirt-1 interactome and on molecular complexes between Sirt-1 and four different activators, i.e., SRT1460, SRT1720, SRT2183, and resveratrol, by molecular docking (Camins et al., 2010) . Since the human sirtuin is proving to be a multifunctional protein with a large spectrum of biological activities and partners, the analysis of its interactome is an important step to define which biological process is directly or indirectly controlled by this molecule. This information is preliminary to understand the structural characteristics of complexes between sirtuin and those ligands that have been shown to regulate its biological activity. Starting from this knowledge we can design new molecules in a targeted way to control specific biological functions dependent on sirtuin.
MATERIALS AND METHODS

INTERACTOMIC STUDIES
Cytoscape software (Kohl et al., 2011 ) is used to visualize the network of Sirt-1 family. The experimentally evidenced interactions of Sirt family proteins were filtered from Bio grid, HPRD, MINT, and Pathway Interaction Database which are curated from both high-throughput data sets and individual focused studies along with interaction published in peer reviewed journals (Watts and Strogatz, 1998; Stark et al., 2006; Chatr-Aryamontri et al., 2007; Keshava Prasad et al., 2009; Schaefer et al., 2009) . Further more the manually curated PPI network is obtained from Center for BioMedical Computing (CBMC) at University of Verona. Centrality statistics of the protein network are vitals for attaining properties of the network (Assenov et al., 2008; Scardoni et al., 2009 ). In particular, we focused most of our attention on central vertices in complex networks since they might play the role of organizational hubs. Betweenness centrality (BC; Freeman, 1977; Joy et al., 2005) and closeness centrality (CC; Wuchty and Stadler, 2003) are based on the calculation of shortest paths. Przulj et al. showed bottleneck's importance in protein interaction networks and their correlation with gene essentiality (Przulj et al., 2004; Yu et al., 2004) . Lin et al. (2008) proposed two characteristic analysis algorithms: maximum neighborhood component (MNC) and density of maximum neighborhood component (DMNC) for exploring essential proteins (Hub proteins) from protein interaction networks (Lin et al., 2008) . Most of these different methods for identifying essential nodes from the network have been stated in literature (Mason and Verwoerd, 2007) . We utilized Maximal Clique Centrality (MCC), MNC, and DMNC, EPC, and other centrality based measure are taken into account for exploring the potential hubs in interaction maps of Sirt-1. Gene ontological data were mapped to nodes (Proteins) in the network. Gene Ontological study of a network infers about biological process, molecular function, and cellular location of the interactants present in the interactome. Significant clustering of genes, mapped with proteins, are layered into Graphs of the Gene Ontology and they are identified using the GO enrichment analysis plugin BiNGO (Maere et al., 2005) .
MOLECULAR DOCKING STUDIES
Most cellular processes are carried out by PPIs. Predicting the 3D structures of protein-protein complexes by docking, it can shed light on their functional mechanisms and roles in cell. Docking can assist in predicting PPIs, in understanding signaling pathways and in evaluating the affinity of complexes (Andrusier et al., 2008) . In this work, docking studies were done both to get structural models of those Sirt-1 complexes suggested by the interactome analysis and to understand the structural determinants underlying the interaction of Sirt-1 with small molecules that have the function of effectors. Automated docking is widely used for modeling biomolecular complexes in structure/function analysis and in molecular design. There are several effective methods available, incorporating different parameters such as algorithm and scoring function to provide reasonably good predictions. AutoDock4 is resulted a very useful tool for predicting the complexes conformation and the related binding energies of ligands with proteins. The basic algorithm used for conformational searching in AutoDock4 is Lamarckian genetic algorithm (LGA; Morris et al., 1998) . This algorithm works on the basis of the stepwise generation selection. In fact, during the docking simulation a test population of docking conformation is created and in subsequent stepwise generations these individual conformations are selected for the next generation and in this way the best conformation is obtained.
LGA has an additional feature called "Lamarckian" that allows to the individual conformation of searching the local conformation space, of finding the local minima and, then, of passing this to next generation. In particular, AutoDock4 uses a semi empirical free energy force field to predict binding free energy of small molecules and macromolecules, presents other traditional features such as Simulated Annealing and genetic algorithm and uses a force field that refers to the form and parameters of mathematical function used to describe the potential energy of a system of particles and leads to calculate the intermolecular energies for predicting free energy of binding. AutoDock 4 is composed by two software packages, i.e., AutoDock and AutoGrid, and consists of Rigid Docking and Flexible Docking modules. Rigid Docking (called also Grid-based approach) allows the ligand to have a large and a fixed conformational space around protein. In this approach the target macromolecule is embedded in the grid, the interaction energy between the probe and the target is computed and stored in this grid and is used as input for docking simulation. In this case, the relative orientation of molecules interacting with each other are allowed to change whereas the internal geometry of the target molecule is kept fixed. On the other hand, Flexible Docking module includes the side chain flexibility. In fact, in this approach a specific part of the target molecule is made flexible and, during the docking time, these flexible parts are treated explicitly allowing rotations of bond angles around torsion degrees of freedom.
The most important part in docking is the selection of the correct active binding site. In certain cases the binding site area on the surface of the protein is found with the help of specific software but the selection is also addressed on the basis of prior knowledge of the protein. Before setting up the docking run, ligands and receptor or target molecule were prepared by adding charges, torsions, and hydrogen atoms by specific tools. This preparation is important to mimic the "in vivo" conditions of molecular interaction (see Figure A1 in Appendix). After the preparation of parameter and map files, AutoDock suite was launched for the process of docking that generates as output a log file (DLG) containing all the information of docked complexes (see Figure A2 in Appendix). The description of AutoDock procedure used to simulate the complexes between Sirt-1 and the four activators is shown in Figure 1 . The first docking methods or rigid docking www.frontiersin.org treated proteins as rigid bodies (means the internal geometry of the molecule are kept fixed) in order to reduce the search space for optimal structure of complexes (Wodak and Janin, 1978; Halperin et al., 2002) . However ignoring flexibility could prevent docking algorithms from recovering native associations (Andrusier et al., 2008) and specially in the case of unordered proteins or highly flexible proteins one cannot ignore the importance of flexible docking. Moreover, flexibility in docking should be taken into account if docked structures were determined by homology modeling (Marti-Renom et al., 2000) or if loop conformations were modeled (Soto et al., 2008) and this scenario implies in our case the presence of two unordered loops/regions, i.e., N-terminus and C-terminus (Autiero et al., 2009 ). The benefit of rigid docking procedure is relatively low in computational time and is less complex (Andrusier et al., 2008) but we cannot ignore the structural characteristic of Sirt-1. Therefore we have used this peculiar protocol that use steps of rigid docking followed by steps of flexible docking to generate near native models of complexes made with flexible Sirt-1 protein.
RESULTS
CENTRALITY STATISTICS OF FIRST ORDER INTERACTION OF Sirt-1
Sirt family first order interaction maps, obtained concerning experimental data reported in protein databases (see Methods section), have 228 nodes and 3769 edges (interactions). The extraction of first order interaction map of Sirt-1 has 136 nodes and 1503 edges with Sirt-1 as a central node of the network (Figure 2) . A statistic analysis of first order interaction map of Sirt-1 was performed. In particular, given undirected networks, the clustering coefficient C n of a node n is defined as C n = 2e n /[k n (k n − 1)], where k n is the number of neighbors of n and e n is the number of connected pairs between all neighbors of n (Barabási and Oltvai, 2004) . In directed networks, the definition is slightly different: C n = e n /[k n (k n − 1)]. The evaluation of the average clustering coefficient distribution gives the average of the clustering coefficients for all nodes n with k neighbors and identifies a modular organization of networks. The clustering coefficient C n for undirected network of the Sirt-1 interaction map is 0.717. The mean shortest path length between any two proteins is 1.836 ( Figure 3A) . The top 30 best-connected nodes obtained by average path length, as calculated by Centiscape (see Table 1 ), have relatively lesser average path length in respect to TP53 Interactome (Dartnell et al., 2005) . The node distribution degree of Sirt-1 interactome gives information of the protein interactions with the k other proteins ( Figure 3B ). In details, it tends to decrease slowly complying with the power law y = ax b where "a" is 4.971 and "b" is −0.232 with a correlation coefficient of 0.113. This value indicates a scale free network (Barabási and Oltvai, 2004) and in general these are very robust against failure, such as removal of arbitrary network elements. This evaluation suggests that the Sirt-1 interaction map is assortative and has a low value of vertices. In this network the average number of interacting partners was evaluated and it resulted equal to 22.10. Moreover, since Jeong et al. (2001) showed that a protein acting as hub is more important than those sparsely connected with a small number of interactions (Jeong et al., 2001) , we calculated the putative hub proteins present in our network by using different algorithms like MCC, DMNC, MNC and Edge Percolated component and different centrality based measures. In Table 2 are reported the top 10 hub proteins obtained by these analysis but only five of them (SLC25A3, Sirt-1, JUN, MCF2L2, and EP300) were selected as hub by all used different algorithms.
Parameters related to topological aspects of Sirt-1 neighbors are acquired by calculating the average clustering coefficient of proteins that shows tendency to form clusters or groups (Barabási and Oltvai, 2004) . Sirt-1 network has a constant decrease in clustering coefficients due to the higher number of interaction of each protein ( Figure 3C ). This suggests that it is a small-world network having hierarchical modularity. Ravasz et al. (2002) showed that www.frontiersin.org highly connected regions connect sparsely connected nodes. In fact they classified networks into two modular organizations: local clustering and global networks. Local networks are considered to have functionality similar to biological processes whereas global connectivity is related to hub proteins present in the network connecting high-end nodes (higher order communication points between protein complexes; Han et al., 2004) . Sirt-1 network is showing a tendency to connected global networks. The decrease of the topological coefficient with the number of interacting partners gives information regarding interaction of proteins with common neighbor ( Figure 3D ). This shows that hub proteins (except SLC25 protein family) share fewer common neighbors then sparsely connected nodes and it also proves that the early inference of modular organization of Sirt-1 network is correct. A stressed node in the network is Sirt-1 having the highest number of distribution degrees (see supplementary material for details in Table A1 in Appendix). BC has been evaluated as the amount of traffic that a vertex or edge has to handle in a network. In Sirt-1 interactome, the number of nodes has a high degree of BC and this is reported in (see supplementary material for details in Table A1 in Appendix). It has been shown that high degree of connectivity correlates well with pleiotropic effects (Tyler et al., 2009 ). This indicates also that the most part of Proteins in Sirt 1 interactome map are involved in many different biological processes with different cellular localizations, more precisely AR, RELA, and SYNCRIP are present in nucleus as well as cytoplasm whereas SLC25A5 is in inner mitochondrial membrane as well as cytoplasm. Sirt 1 is found to interact with proteins involved in numerous pathways like Foxo Signaling, Regulation of Androgen receptor activity (Table A3 in Appendix).
GENE ONTOLOGICAL STUDIES OF Sirt-1
GO studies on the hub proteins inferred from our analysis suggest that they are involved in important biological processes related to gene regulation, Metabolism and proton co-transport (Table A2 in Appendix). In details, SLC25A3 is responsible for the inorganic phosphate transport into the mitochondrial matrix, either by proton co-transport or in exchange for hydroxyl ions (k, Entrez Gene description), while JUN interacts directly with specific target DNA sequences to regulate gene expression. The centrality analysis based on hub proteins showed SLC25A3, JUN, Sirt-1, RUVBL2, and MCF2L2 as important proteins of the network. Other Methods based on MCC, DMNC, MNC, and EPC evidenced the same proteins as hub nodes along with EP300, YBX1, RPL38, AR, and Sirt-2.
Genes associated with proteins and found significant in the interactome were analyzed by the BiNGO package in Cytoscape. Sirt-1 first order interacting partners are involved into numerous biological processes. Sirt-1 interactome is significantly involved Metabolism modulation related processes (Figure 4) . Sirt-2 in chromatin silencing at rDNA, RPS27L, and RTN4 in regulating anti-apoptotic phenomena.
Certain processes, like chromatin remodeling and modification, involve many important proteins of the network like KAT2B, NCOR1, HDAC6, RRP8, HDAC2, and KAT2A. Moreover, TP53, Sirt-2, PPARGC1, CPS1, and JUN are responsible for the processes related to the response to starvation whereas the response to stress is regulated by NCOR1, MYOD1, KRT1, SIRT2, HDAC2, RPS3, RELA, FOXO1, HDAC6, and other proteins involved in ncRNA metabolic processes and in negative regulation of signaling pathways. In particular, the important processes like DNA binding activity transcription factor regulation and DNA repair are shown to have an involvement with proteins like Sirt-1, Sirt-2, TP53, PPARGC1A, JUN, EP300, HDAC2, HDAC6, KAT2A, Kat 2B, RELA, RB1, WRN, XRCC5, and XRCC6 ( Figure A3 in Appendix).
In particular, the sirtuin network shows that Sirt-2, HDAC6, HDAC2, Sirt-1, PPARGc1A, TRRAP are implicated in histone modification and histone deacetylation whereas SUV39H1 and DICER1 are involved in gene silencing phenomenon.
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maps. In fact, Sirt-1 interacts with cytoplasmic, nuclear, extracellular and mitochondrial proteins as found with a significant p value, i.e., p < 0.05 to p > 0.0000005 that measures the statistical significance of the different essentialities of proteins implicated in the biological processes. RELA and JUN show interactions with mitochondrial proteins, Sirt-1 interacts with other cellular proteins in activating DNA repair and stress protection mechanisms.
SECOND ORDER INTERACTION OF Sirt-1
The Sirt-1 second-degree interaction map is composed of 4691 nodes. These nodes correspond to different partners interacting by 221595 edges (Interactions). The second order network of Sirt-1 is scale free and small-world network interacting with numerous proteins implicated in transcription and metabolism related processes. Sirt 1 has a high degree of interactions in second order www.frontiersin.org interaction maps as it is having interactions with high number of proteins like PARP1 (inhibits Sirt activity) and NAMPT (regulates NAD+ levels; Yang et al., 2006) . Analyzing centrality statistics and pattern of rearrangement of interacting nodes in Second order interactome of Sirt-1 will provide further insights on the variability in functionality, cellular localization, and pleiotropicity nature of the SIRT interaction map. Dai et al. (2010) suggested that Sirtuin activating compounds (STACS) interact directly with Sirt-1 activating the deacetylation through an allosteric mechanism. This mechanism requires the presence of an allosteric site on the protein; therefore, we have used for modeling the same structural site on which we have recently found that binds AROS, the allosteric effector of Sirt-1 known as endogenous activator (Autiero et al., 2009 ). So we acquired from the structural model of the complex AROS-SIRT1, obtained after docking and molecular dynamics, the putative residues of interaction (see Table 3 ). Hence, our docking studies have focused on the interactions between the allosteric site found on the native modeled structure of Sirt-1 and STACs like SRT1720, SRT2183, SRT1460, and resveratrol ( Figure A4 in Appendix). The best docking results were obtained by implementing flexible docking in AutoDock4. In particular, the reason for the selection of this site depends from the fact that many experimental data have suggested that the modulation of the catalytic activity of Sirt-1 is exerted through the adjustment implemented by the allosteric site. Recent works also show that the interaction of Sirt-1 with small effectors has a functional relevance for its activation (Zhao et al., 2004; Milne et al., 2007; Bemis et al., 2009 ). However, the modeled structure of Sirt-1 shows that the allosteric site selected as binding area for activators is near to N-terminal region predicted as unordered (Autiero et al., 2009) . We have also focused our attention on the disordered residues flanking the allosteric site (see Table 3 ) considering them as flexible during the process of docking. This structural region is close to the highly disordered N-terminal segment and involved into the regulation of the enzyme activity (Tanno et al., 2007; Ford et al., 2008; Sasaki et al., 2008) .
MOLECULAR DOCKING STUDIES
The grid-based approach was implemented defining a rigid box (of dimension 4.14 × 19.56 × −24.21 Angstroms) on the surface of the protein and around the residues of the allosteric site (see Table 3 and Figure A6 in Appendix) to specify the docking area for the activators. Parametric details of the grid parameters such as "number of spacing," "number of grid points," and "center grid box" in all three directions are given in Figure A5 in Appendix.
FIGURE 5 | Side view of four activators docked on the active site. All the four activators are shown in "stick" confirmation with different colors: SRT1460 in yellow, SRT2183 in blue, resveratrol magenta and SRT1720 in red). The active site residues are shown in "surface" confirmation whereas Sirt-1 by cartoon. The active site region with the docked activators is highlighted in a white box. Figure A7 in Appendix show the best docking models computed for all the four activators against Sirt-1. The complexes present negative values of the binding free energy, which indicates that the models between Sirt-1 and its activators are reliable. Their analysis in terms of interaction residues confirms that the binding region is conserved with the involvement of charged and aromatic residues which suggests complexes stabilized by electrostatic and stacking interactions. Moreover, the complex between Sirt-1 and resveratrol resulted not so stable in respect to the complexes of the other three ligands. This can be inferred from Sirt-1 residues interacting with AROS MET1; ALA2; ASP3; LEU7; GLU161; ASP166; SER169; HIS170; ALA171; SER172; SER173; SER174; ASP175; TRP176; PRO184; TYR185; PHE187; VAL188; HIS191; LEU192; ILE194; GLY195; THR196; ASP197; THR219; TRP221; GLN222; ILE223; TRP624; ARG627VAL628
Figures 5 and 6 and
Sirt-1 residues of the allosteric site considered flexible during the docking studies HIS170; ALA171; SER172; SER173; SER174; ASP175;TRP176; PRO184;TYR185; PHE187; VAL188;
HIS191; LEU192
Residues common in the interaction surface are indicated in bold. The smaller number of residues involved in the interaction is due to the different molecular sizes of AROS and small activators.
Frontiers in Pharmacology | Experimental Pharmacology and Drug Discovery the absence of H-bonds and relatively lesser number of charged interaction residues (Table 4) . However, the EC 1.5 values related to the Sirt-1 activity, and reported in the literature, supports the observation that the resveratrol is a less potent activator (Milne et al., 2007; Bemis et al., 2009) . A remarkable observation that supports our models is that the experimental EC 1.5 values are linearly correlated with the binding energy values found by AutoDock for the Sirt-1 complexes with the four activators. In fact, a correlation coefficient of 0.73 demonstrates the good agreement between functional data and computational results.
DISCUSSION
Human Sirt-1 is an unordered protein (IDP) and may therefore adopt types of order (and conformations) that are not easily recognized by current secondary or tertiary structure prediction algorithm, which primarily recognize higher order assemblies stable in the time. Even the classic experimental structural techniques often fail in studying structural aspects of these proteins. Sirt-1 is a Hub protein because of its numerous partners and for its structural characteristic. Structural features that affect the ability of hubs in PPI networks to recognize and bind multiple partners are numerous. In this article we primarily focused on the role of intrinsic disorder in the Sirt-1 structure. However, a study in progress in our laboratory focuses on the charged residues on the surfaces of this protein and on the role of phosphorylations. Preliminary data support the idea that it has highly charged surfaces as compared to large, disorder containing hubs indicating its possible involvement in promiscuous binding (Patil and Nakamura, 2006) . Our interactomic analysis showed for the first time how much is vast the number of physiological partners of this hub protein. Sirt-1 is an interesting case because we are just beginning to understand some of the mechanisms that lead to multi-specificity in the binding of hub proteins. In particular, a huge number of articles have been published on the clinical, biological and, functional aspects of human sirtuins but we know only general details about their structures and molecular mechanisms which govern the functional behavior of these proteins.
The aim of this study was to evaluate and integrate functional and structural features by computational methods to predict the involvement of the human Sirt-1, the most studied of sirtuins, into the basic molecular mechanism describing the complex regulation of this protein. Since in vitro or in vivo experiments is time consuming and expensive; in silico prediction can provide functional candidates and help narrow down the experimental efforts. Moreover, we have also analyzed multiple large-scale experimental data sets describing the metabolic involvement of the Sirt-1 to understand the basic mechanism underlying the function of this hub protein. We have examined objective criteria that could infer organizations of the Sirt-1 network and the structural determinants featuring the interaction between Sirt-1 and some biological activators which are reported in the literature as potent modulators of the metabolic activities of sirtuin 1 (Milne et al., 2007; Dai et al., 2010) . At the same time, we can make suggestions about the structural mechanisms underlying the interaction of small molecule activators on which there is currently much disagreement (Pacholec et al., 2010) . This knowledge may also be used to direct the design of new and more specific sirtuin activators. value SRT1460 13 D166, R167, S169, H170, A171, S172, S173, S174, D175,
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Sirt-1 interactomic study holds the key for understanding associations and interactions between various proteins to develop knowledgeable insights of highly diverse and complex biological systems, which are interwoven into each other. On the basis of the experimental data (see Materials and Methods) at disposal on various public databases, we have performed an interactomic analysis and found 136 direct partners interacting with Sirt-1 that are involved in the important pathways discussed above. Several proteins are biologically active in metabolic processes whereas several others proteins perform gene regulatory functions. Scale freeness of the Sirt-1 interaction map is exhibited by a trend shown by many proteins with logarithmically decreased connectivity and Sirt-1 interactome shows small-world property with smaller diameter and high connectivity (Figure 3) . These properties make a network more robust to perturbations like mutations and viral infections. However, these parameters imply that the pleiotropicity nature or the complex associations of the proteins governing different biological processes are found implicated in many pathways. In particular, some proteins that connect more nodes in different pathways are, for example, the hub nodes like JUN, HDAC2, RELA, and SLC25A3. Promislow (2004) showed that the pleiotropicity is linked to higher connectivity of nodes, especially, in senescence. However, there is a significant amount of inferences on possible associations between Sirt-1 and caloric restriction and senescence. Probably, we could suggest that the pleiotropic nature of the proteins interacting with Sirt-1 may address the senescence through the involvement of multiple factors possibly related to stress and mitochondrial proteins or the processes associated with mitochondria. This derives from the fact that with aging there is the progression of many diseases like Parkinson, Huntington and Alzheimer that depend on mitochondrial dysfunction. In Sirt-1 interactome the mitochondrial sirtuins, i.e., Sirt-3, Sirt-4, and Sirt-5, interact with proteins implicated in different metabolic processes (Figure A8 in Appendix) and the deregulation of these proteins by any factor can lead to chronic metabolic disorders. Moreover, the direct interaction provides some insights about the involvement of Sirt-1 in cancer as this protein is also found to be acetylating TP53. In our studies of the Sirt-1 interactome, this protein and some hub proteins like JUN, RELA, and EP300 show to have interactions with many different proteins involved in some processes and in different cellular localizations. Further, Sirt-1 interaction map or other protein interaction networks often demonstrate static picture of bulk amount of complex dynamic interactions. To get perspective on modulation of Sirt-1, there will be necessary studies on dynamics interactions considering the interaction levels in strength, chronology in PPI maps and rate order reaction in case of metabolic processes. It would be very interesting to know the affinity values for the NAD moiety in Sirt family and PARP's (second order interacting partner) of human Sirt-1 ( Kolthur-Seetharam et al., 2006; Bai et al., 2011) . Sirt-1 network analysis confined with GO studies showed agreement to the observations of Bai et al. (2011) . Moreover, Sirtuin genes are found to be controlling the organism's health in the times of adversity like in diseased conditions. CR is one of the phenomenon's that switch on the Sirt-1 genes for regulatory functionality and controlling the metabolic pathways. Therefore, hyper activation of the sirtuin genes might be one of the possible contributory causes for healthier life.
Since Sirt-1 became an interesting and promising target for its importance in life span and for its role in various diseases (Camins et al., 2010) , the exploration of its pharmacological aspects has been the topic of key research in last decade. In particular, the attention has been focused on the role of certain small activator molecules that affect the activity of Sirt-1. In literature there are some articles on the interaction between Sirt-1 and activators (Milne et al., 2007; Dai et al., 2010; Huber et al., 2010; Pacholec et al., 2010) . In particular, Milne et al. (2007) showed that three synthetic activators, namely SRT1460, SRT1720, and SRT2183, are Sirt-1 activators better than the natural resveratrol because EC values of these three synthetic activators are lower than the natural ones. Moreover, these compounds were reported to bind the Sirt-1 enzyme -peptide substrate complex at an allosteric site. Therefore, these Authors suggested the possibility of developing a new therapeutic approach using both caloric restriction and the direct activation of Sirt-1 using these activators. In 2010, in contrast to Milne et al. (2007) , other Authors (Huber et al., 2010; Pacholec et al., 2010) have evaluated the same Sirt-1 activators (SRT1460, SRT1720, SRT2183, and resveratrol) by employing biochemical assays containing native substrates such as the p53-derived peptide lacking the fluorophore as well as purified full-length protein p53 or acetyl-CoA synthetase 1. In these experiments the four activators did not lead to apparent activation of Sirt-1 with native peptide or full-length protein substrates, whereas they activated Sirt-1 with peptide substrate containing a covalently attached fluorophore. In particular, Huber et al. (2010) showed that SRT1720 and SRT2183 effectively decreased acetylated p53 in cells treated with DNA damaging agents but did so in cells that lack Sirt-1. Also Pacholec et al. (2010) evidenced that SRT1720, SRT2183, SRT1460, and resveratrol exhibited multiple off-target activities against receptors, enzymes, transporters, and ion channels. Therefore, they concluded that these four molecules were not direct activators of Sirt-1 and required a fluorophore (named TAMRA) for activating Sirt-1 (Pacholec et al., 2010) . Recently, in contrast to Pacholec et al. (2010) and Huber et al. (2010) but in agreement with Milne et al. (2007) , Dai et al. (2010) have demonstrated that there are many Sirtuin activating compounds (STACs) that produce biological effects consistent with direct Sirt-1 activation. In this study they evaluated again the three STACs (SRT1720, SRT2183, and SRT1460) and showed that they can accelerate the Sirt-1 catalyzed deacetylation of specific unlabeled peptides composed only of natural amino acids in contrast with those Authors which stated that fluorophores were required for Sirt-1 deacetylation. Therefore, they suggested that these three molecules interact directly with Sirt-1 and activate Sirt-1-catalyzed deacetylation through an allosteric mechanism demonstrating that the complex between STACs and specific fluorophores was not necessary for SIRT1 activation (Dai et al., 2010) . As one can see the controversy essentially arises because of the lack of details on both structural and functional activity of Sirt-1. Moreover, in our opinion, authors do not take into account that disordered regions allow binding to multiple partners modulating their function. To achieve this capacity, these regions are able to interact with numerous and various enzymes that operate post-translational modifications Frontiers in Pharmacology | Experimental Pharmacology and Drug Discovery of which the kinases are certainly the most studied. They phosphorylate sites that are found almost always in disordered zones modifying in this way both the ability to interact that the function. Therefore, the presence of specific kinases in the various cellular districts, where intrinsically disordered proteins have to be posttranslationally modified, is fundamental for the activity of these proteins. In other words, if Sirt-1 with its long disordered terminal arms is controlled by its phosphorylation state (Autiero et al., 2009) , its activity for the recognition of protein partners at any one time will be directly dependent on the activity of the kinases and phosphatases that act on it in a specific cellular district. In this regard, it is worth of note that we have found more than 90 putative sites on the human Sirt-1 arms specific for about 40 different human kinases (manuscript in preparation). All the above suggests that in vitro testing of one of these proteins should have in the assay also the kinase necessary for the specific recognition of partners or, at least, a sirtuin already post-translationally modified for the specific substrate. Only reasoning on this basis it will be possible to properly test and compare the functional activity of these proteins. However, often the experimentalists act with the traditional structure centric view characteristic of globular enzymes that cannot be applied to IDPs because their activity in respect of a substrate is strongly dependent on those post-translational modifications required to correctly recognize that substrate. It seems evident that a computational approach in these cases is useful for understanding and directing studies in solution. This has led to the lack of conclusive data particularly on small molecule activators due to the not easy comparability of the results of in vitro and in vivo experiments. We think that the field has been overfocused mainly with functional studies performed without taking account at structural level of the different structural behavior of the intrinsically disordered proteins and of the necessary recognition specificity determined by the presence of the numerous kinases. Moreover, conflicts at physiological level are probably due to animal models that are not genetically appropriate. The issue of longevity is extremely complicated because the aging involves many genes and the small molecules like polyphenols have gained attention because they can enter cellular machinery and exert epigenetic changes in hundreds of genes; therefore, higher standards for genetic analysis are required and it is important to assess if the longevity is due to a direct binding to Sirt-1 or to other physiological effects sirtuin independent. Therefore, in this work we have modeled by flexible docking studies the complexes between Sirt-1 and the four activators (SRT1460, SRT1720, SRT2183, and resveratrol) reported by Milne et al. (2007) . Given that we recently modeled the interaction between AROS and the allosteric site of Sirt-1 (Autiero et al., 2009 ), Milne et al. (2007 and Dai et al. (2010) showed that these molecules can interact directly with Sirt-1 and activate it through an allosteric mechanism, therefore, we have decided to simulate these interactions. In particular, flexible docking study was chosen because of the highly flexible and unordered nature of Sirt-1 protein, that is composed of four different regions (Autiero et al., 2009) , of which the two terminal domains are resulted highly unordered. In particular, the area selected for binding of these activators is a flexible loop joining N-terminal and allosteric site. In this particular scenario it is important to concern flexible binding area, as it will add more authenticity to the docking results. In fact, flexible docking environment can mimic the "in vivo" conditions of molecular interaction such as change in certain bond angles or bond lengths take place when two molecules tend to interact. In this work 13 residues present in the allosteric site were chosen to be flexible. In details, these 13 residues selected from the selective binding site area comprise four hydrophilic (SER172, SER173, SER174, TYR185), three hydrophobic (ALA171, VAL188, LEU192), one negatively charged (ASP175), two positively charged (HIS170, HIS191), and three aromatic residues. The significance of aromatic residues and charged residues in the area of active site is very important because they are involved in putative stacking and electrostatic interactions, respectively. Moreover our results evidence that aromatic residues form H-bonds that is important for the structural compactness and stability of the docked complexes. The comparison between flexible docking results and the experimental data indicates that the well known natural activator, resveratrol, does not show good binding affinity for Sirt-1 respect to other synthetic activators (SRT1460, SRT1720, SRT2183). In fact, resveratrol has lower affinity than its synthetic counterparts as shown from binding free energy values (expressed in Kcal/mol) and the lack of H-Bond formation with Sirt-1. Figure A9 in Appendix shows the correlation between the energy values found for the four tested small molecules and the values of EC, experimentally determined (see Table 4 ). As one can see, while for synthetic molecules there is a correlation coefficient of 0.97 which indicates a good agreement between our structural data of direct binding and physiological data, the resveratrol is the only molecule that does not correlate with the others due to its poor correlation coefficient. This suggests that the biological activity does not depend on a direct binding. Thus, our docking model resveratrol-sirtuin-1 clearly shows that resveratrol is a poor allosteric modulator. Its binding energy is lower than that of the other modulators (see Table 4 ).
On the basis of these results we can highlight that the use of a flexible docking in the case of intrinsically unordered and highly flexible proteins such as Sirt-1 is able to successfully simulate protein complexes since our docking data are in agreement with the functional data. This is the first example, to our knowledge, that a docking between a flexible and disordered protein and ligands is not only able to simulate the experimental data but also to clearly discriminate between different hypothesis. However recently it has also been reported that ligand-receptor docking studies of CXCR4 (Kufareva et al., 2011) failed to correctly predict the ligand binding sites despite the availability of template GPCR crystal structures. We observe that in the X-ray structure of CXCR4 (PDB: 3ODU) is missing the N-terminus of about 50 residues. This point as we will discuss later is important. Each chemokine receptor has an extracellular N-terminal region, seven helical transmembrane domains with three intracellular and three extracellular hydrophilic loops, and an intracellular C-terminal region. The first and second extracellular loops are linked together by disulfide bonding between two conserved cysteine residues. The N-terminal region of a chemokine receptor is structurally important because it is crucial for ligand specificity whereas the intracellular C-terminal region couples G-proteins and this mechanism is implicated for receptor signaling transduction. In a study in progress in our lab (manuscript in preparation) we have found diffuse presence of www.frontiersin.org disorder in the family of the human chemokine membrane receptors. N and C terminal arms possess structural characteristics such that they can be considered intrinsically disordered with a high structural flexibility and the presence of numerous charged patches and phosphorylation sites. Without any consideration of these important structural aspects of CXCR4 (not resolved by Xray), we think that dockings failed because evidently the structural features of N-terminus play a crucial role in the binding of those ligands and most of all the flexibility also plays a structural role which must carefully taken into account in docking as we have done with Sirt-1.
To better validate our docking results, we have compared the complexes between Sirt-1 and the four activators (SRT1460, SRT1720, SRT2183, and resveratrol) obtained by AutoDock4, a very useful tool for predicting the complexes conformation (Morris et al., 1998 (Morris et al., , 2009 , with those performed by Glide, a program that uses a different protocol indicated as "flexible" (Halgren et al., 2004) . The best complexes generated by this last program in terms of energetic values showed that (i) the four molecules bind the same allosteric site predicted for AROS with good affinity and use about 90% of interactions evidenced by AutoDock4 but with the same number and type of H-bonds and (ii) the correlation coefficient between energy score by AutoDock4 and Glide programs is 0.91 (Figure A9 in Appendix).
These results have evidenced the good accuracy of our complexes between Sirt-1 and four molecules even if the certainty of the result can be obtained only by experimental studies. Hence, further studies will be performed to validate experimentally our computational results by biochemistry assays. 
